Prairie voles are a monogamous species and males show paternal behavior. After mating, paternal responsiveness increases gradually during the gestation period, peaking before young are born. We examined the importance of cohabitation with a female and the time course for a gradual intensification of paternal care. Males housed with their brothers since weaning were separated. Each male was housed alone, with a strange female, or with a brother. A male housed with a female remained with her either until mating occurred or throughout gestation.
In rodents there is a large degree of variability in paternal behavior both between and within species (Dewsbury 1987; Elwood 1983 ). However, males that are consistently paternal under a variety of testing conditions are those that possess a monogamous social structure. In nature, these males stay close to their mates and young. It is the proximity of males to their immediate family that predisposes them to care for infants (Dewsbury 1985; Elwood 1983) .
Prairie voles (Microtus ochrogaster) are small arvicoline rodents with a monogamous mating system. They live in communal groups throughout the year that consist of a breeding pair and succeeding generations of offspring . A male prairie vole remains with his mate throughout the gestation period, takes care of his young, and becomes aggressive toward unfamiliar intruders (Getz et al. 1987) . Often juveniles of both sexes remain in the natal nest and engage in alloparental care (McGuire and Getz 1981; Wang and Novak 1992) .
Captive prairie vole males rarely commit infanticide when presented with unrelated young. Following separation from their parents and prior to sexual experience, most adult males (more than 75%) continue to show low levels of parental care upon initial exposure to an unrelated young (Bamshad et al. 1994; Lonstein and De Vries 1999; Wang and De Vries 1993) . In contrast, most sexually inexperienced adult females either ignore or attack infants (Lonstein and De Vries 1999) . Field studies have shown that even at high population densities, when female prairie voles are likely to encounter strange males, 80% of trapped females had successful pregnancies and were lactating, suggesting that infanticide is low in this species (Boonstra 1980) . This is in contrast to several other rodent species such as rats (Mennella and Moltz 1988) , house mice (vom Saal 1984) , and gerbils (Elwood and Ostermeyer 1984) , in which 50% to 80% of sexually inexperienced males kill unrelated young that are presented to them.
Mating has a significant impact on behavior of prairie vole males. After mating, the previously gregarious male becomes aggressive toward an unfamiliar conspecific ). In addition, 1 day after mating a male develops a preference for affiliation with his mate as opposed to an unfamiliar female, an indication of pair bonding Winslow et al. 1993) . The level of paternal responsiveness also changes after mating, but the increase in paternal behavior is more gradual and is only evident after 13 days of cohabitation with a pregnant female (Bamshad et al. 1994) .
The effect of postmating cohabitation with a female on behavior of a prairie vole male is less clear. For example, (Winslow et al. 1993) . Cohabitation with or without mating induces partner preference in females (Williams et al. 1992) , but the effect of cohabitation on partner preference in males is unknown. Similarly, it is unclear whether mating, cohabitation, or both are required to stimulate the complex set of parental responses in males that are characteristic of a monogamous relationship.
Previous studies have shown that levels of paternal responsiveness and brain chemistry in prairie vole males change during the gestation period (Bamshad et al. 1994; Wang et al. 2000) . Our aim here was to examine the effect of mating and cohabitation on stimulation of paternal care, and the course of development for this behavior in prairie voles. We chose to study the prairie vole because it is a monogamous and biparental species (Carter and Getz 1993) .
MATERIALS AND METHODS
Animals.-Subjects were offspring of breeding pairs from a colony of prairie voles maintained in our animal facility at Lehman College. The breeding colony was established in 2001 from offspring of field animals originally captured in Illinois and last outbred in 1996. Prior to the experiment, each vole was weaned at 21 days and housed with a same-sex sibling in 48 Â 27 Â 20 cm clear plastic cages. The bottom of each vole's cage was covered with approximately 5 cm of bedding consisting of a layer of moistened peat moss covered by a 2nd layer of wood shavings, and then filled with a top layer of hay. Given that prairie voles live in underground burrows in nature, this bedding was given to simulate natural conditions. Water and food, consisting of sunflower seeds, rabbit chow, and cracked corn, were available ad libitum. The animals were kept at 20-258C and under a 14L:10D photoperiod. All test animals were 60-120 days old and were sexually inexperienced at the beginning of the experiment. Animal care and procedures complied with local, state, and federal regulations and were approved by the Lehman College Institutional Animal Care and Use Committee.
Procedures.-A total of 84 sexually inexperienced male prairie voles were randomly divided into 2 experimental groups and 2 control groups. Each experimental male was separated from his brother and exposed to a sexually inexperienced female. Each control male was either housed alone (isolated group) or with his brother (control group). Each male in the 1st experimental group (short cohabitation) was housed with a female until mating occurred or 72 h had elapsed (whichever came first). Subsequently, each pair was separated and the male was moved to a novel cage where he remained alone. Each male in the 2nd experimental group (long cohabitation) was moved into a novel cage with his mate after the 72-h mating period and remained housed with her. Subjects in each group were divided into 3 subgroups based on the day they were tested for paternal behavior. Each experimental animal, along with a control, was tested on 4, 13, or 21 days after initial physical contact with a female (n ¼ 7 per subgroup). Given that prairie voles generally mate within 72 h and give birth 21-22 days later, this experiment was designed to test the males on days corresponding to different times in a female's pregnancy: early gestation (day 4), mid gestation (day 13), and late gestation (day 21).
To prevent fighting, couples in the experimental groups were habituated to each other by initially placing each male within a smaller wire mesh enclosure (height, 10 cm; diameter, 7.7 cm). The male, supplied with a piece of apple and some food, remained in this enclosure for 24 h, while the female occupied the surrounding area of the larger cage. This restricted condition allowed for olfactory, auditory, and visual communication between pairs. After 24 h the male was released into the larger cage, bedding was removed, and timelapse video recordings (Panasonic CCTV camera, model WV-BP330; Panasonic VCR, model AG-6540; Panasonic, Secaucus, New Jersey) of each pair was made for the next 72 h to record the initial occurrence of mating. Throughout the night hours of recording, two 50-W red bulbs illuminated the voles.
The paternal behavior of each experimental animal was recorded in his home cage with bedding, hay covering, and other animals removed. The male was allowed 5 min to adjust to the testing environment before an unrelated 2-to 5-day-old young from the breeding colony was placed at the far corner of his cage. His behavior was recorded for 10 min on the video camera. Each young was used once, after which it was cleaned with a moistened cotton ball to remove the male's odor and returned to its biological parents. The condition of each young used in the experiment was monitored for 1 day after the test. All young were readily accepted by their biological parents and remained healthy. The duration of each adult male's specific behaviors was later scored using a behavioral analysis software program (Timer Data Systems, Dobson, North Carolina). Of 84 males tested, 8 attempted to attack the young. When this occurred, the experimenter hit the cage immediately to disrupt the aggression. The behavior of these infanticidal males and the behavior of 2 males that ignored the young were excluded from data analysis.
A number of specific parental and nonparental behaviors were analyzed. The duration of time spent licking or nuzzling the head and anogenital region of the young, brooding (huddling over young), and contacting the young (remaining in direct side-by-side body contact for more than 1 s) was recorded as paternal responses. These behaviors were analyzed individually and were combined. The combined data were collectively analyzed to show an overall measure of paternal behavior. The duration of time spent self-grooming, in locomotion (walking or jumping), and being inactive (maintaining a stationary position away from the young for more than 1 s) was recorded as nonsocial activities. These behaviors also were analyzed individually and were combined. The combined data were collectively analyzed to show an overall measure of nonsocial activities.
Data analysis.-All individual behavioral measures, as well as summed paternal and nonsocial behaviors, were analyzed between groups (control, isolated, short cohabitation, and long cohabitation) and over days (4, 13, and 21) with 2-way analysis of variance (ANOVA). Significant differences at the level of P , 0.05 were further analyzed by Tukey's honestly significantly different post-hoc tests for unequal sample sizes (Spjotvoll/Stoline test). Unequal sample sizes occurred because subjects that attacked or ignored young were excluded from the analyses.
RESULTS
Most males attempted to mate during the videotaped 72-h observation period, although not all were successful. Successful mating was confirmed in 64% of the animals (27 of 42 mixed-sex pairs). Of these mated pairs, 15 of 21 pairs were from the short-cohabitation group and 12 of 21 were from the long-cohabitation group. Given that long-cohabitation males remained with females until the day of behavioral testing, they may have mated some time after the observation period had ended. Because of variability in onset of mating among the groups, we compared the paternal behavior of all the experimental males in which mating had been confirmed with those in which it had not. There were no significant differences between the 2 groups.
Of the 84 males tested, 74 displayed some level of paternal behavior. Of the 4 groups of subjects tested, the control and isolated males spent the least amount of time on paternal care. In these groups, paternal behavior was often limited to a brief initial exploration of the young, primarily licking, after which the young was ignored and the subject engaged in nonsocial behaviors. Within the first 30 s following the initial physical contact with the young, 52% of both the control and isolated animals spent the majority of their time on nonsocial activities. In contrast, during the same time period, 80% of the shortcohabitation and 76% of the long-cohabitation males showed primarily paternal behavior.
Of 84 males tested, 8 attempted to attack the young. There was 1 from each of the short-cohabitation, long-cohabitation, and control groups tested on day 21, or 5% in each group; and 5 from the isolated group (2 tested on day 4, 2 tested on day 13, and 1 tested on day 21), or 24% of the group. Two males ignored the young, spending more than 85% of the test period in a stationary position away from the young (1 from the control group tested on day 4, and 1 from the shortcohabitation group tested on day 13).
Cohabitation with a female for as little as 72 h with or without mating significantly increased paternal care. Fig. 1 illustrates the duration of time males in each group spent on paternal behavior, combined for the 3 test days. A significant difference was found in paternal behavior among the groups (2-way ANOVA, F ¼ 12.0, d.f. ¼ 3, 62, P , 0.0001). A post-hoc test revealed that both the long-cohabitation and shortcohabitation males engaged in more parenting than did the control males. In addition, the long-cohabitation males were more parental than the isolated males. There were no differences between the long-cohabitation and short-cohabitation groups or between the control and isolated groups.
The difference in parental behavior among test days was marginally insignificant (F ¼ 2.8, d.f. ¼ 2, 62, P ¼ 0.07; Table  1 ). Males in the control and isolated groups showed relatively low levels of paternal care on all 3 testing days. The shortcohabitation males showed an increase in paternal responsiveness on day 13, with a relatively lower paternal level on day 21. The long-cohabitation males showed a trend of increasing paternal behavior over the 3 time periods. There was no significant interaction effect between groups and test days.
We divided paternal behavior into 3 subcategories, including licking, brooding, and side-by-side contact (remaining inactive in side-by-side body contact with the young for more than 1 s), and we divided nonsocial activities into 3 subcategories, including locomotion, passive behavior, and self-grooming. There was a significant difference among the groups in licking duration (2-way ANOVA, F ¼ 13.0, d.f. ¼ 3, 62, P , 0.0001; Table 2 ). Both the control and isolated males spent less time licking the young than did the short-cohabitation and longcohabitation males. There were no differences between the long-cohabitation and short-cohabitation groups or between the control and isolated groups. Licking duration also differed as a function of testing day (F ¼ 3.7, d.f. ¼ 2, 62, P , 0.05); males tested after 4 days licked the young less than those tested after 21 days. In addition, there was a significant difference among the groups in the duration of time spent in side-by-side contact with the young (2-way ANOVA, F ¼ 4.5, d.f. ¼ 3, 62, P , 0.01); less contact was seen in the control group than in the long-cohabitation group. Neither of these groups differed significantly from the short-cohabitation or isolated groups. None of the nonsocial behavioral subcategories differed by either group or testing day.
DISCUSSION
A brief cohabitation with a female, with or without mating, is sufficient to increase paternal responsiveness in a male prairie vole. Extended cohabitation with a female after mating does not further enhance the overall time a male spends in parenting, but it may be important for maintaining high levels of paternal responsiveness until young are born. A male in the short-cohabitation group who cohabited with a female for a maximum of 72 h had higher means on combined measures FIG. 1.-Differences among 4 groups of prairie vole males in duration of time spent on combined categories of paternal behavior (licking þ brooding þ contact) across all testing times. The 4 groups observed were control males (CO) that cohabited with a male sibling, isolated males (ISO) that were separated from their sibling, shortcohabitation males (SC) that cohabited with a female for a maximum of 72 h, and long-cohabitation males (LC) that cohabited with a female until the day of paternal testing. Bars represent mean durations (6SE) of a 10-min observation period. Different Greek symbols (a, b, v) indicate significant differences (P , 0.05) among groups. of paternal care than a male in the control group who remained housed with another male (Fig. 1) . This difference was especially evident when the short-cohabitation male was tested 13 days after his initial exposure to a female. There was a sharp increase in his paternal responsiveness to a level higher than that seen in the long-cohabitation male (Table 1) . In addition, analysis of individual behavioral categories showed that the short-cohabitation males spent more time licking the young than did the control and isolated males (Table 2 ). These data indicate that a brief period of contact with a female gradually intensifies paternal responses and has a prolonged effect on behavior of the male even in absence of her continued presence. Mating with a female did not appear to influence paternal behavior. We found no differences in amount of time spent caring for young between a male who had mated and a male who had not mated, within 72 h of cohabitation with a female, in either the short-cohabitation or the longcohabitation groups. Although the test day effect for combined behavioral categories was not significant, paternal behavior in the long-cohabitation male reached a plateau after 13 days of cohabitation with a female, whereas paternal behavior in the short-cohabitation male increased by day 13 and decreased on day 21 (Table 1) . We have observed the same effect previously in males that were treated the same way as in the longcohabitation group (Bamshad et al. 1994) . Additional tests are required to determine whether the observed effect in the shortcohabitation males is a real phenomenon. Isolating prairie vole males increased their aggression toward young. Only 5% of the control males that were housed with their brothers attacked the young. The same percentage was seen in the short-cohabitation and long-cohabitation males who were housed with females. In contrast, the isolated males that were housed alone were more aggressive; 24% of the males attacked the young. Several studies have examined the effect of isolation on infanticide in mice, but the results vary depending on the strain of mice studied. For example, prolonged isolation of more than 25 days decreases infanticidal tendencies in house mice, Mus musculus (Perrigo et al. 1993) , whereas it increases the behavior in wild house mice (McCarthy and vom Saal 1986 ) and mice of the C57BL/6J strain (Ghiraldi and Svare 1986) . Isolating social animals such as prairie voles is stressful to them. Female prairie voles kept in isolation have higher serum corticosterone than those housed with their siblings (Kim and Kirkpatrick 1996) . Contact with other members of the community of either sex may reduce infant aggression in males by decreasing their blood corticosterone levels.
The mechanisms that regulate infanticide are different from those that stimulate paternal care. Although the sexually inexperienced control male who was in contact with another male rarely attacked the young, he did not spontaneously show high levels of parental care either, and sometimes ignored the young altogether. Mating and postmating cohabitation with a pregnant female have been proposed as 2 possible mechanisms that inhibit infanticide and stimulate paternal care. However, whether copulation alone, cohabitation alone, or a combination of both is essential to reduce infant aggression and initiate paternal behavior has been debated (Alberts and Gubernick 1990; Elwood and Ostermeyer 1984; Soroker and Terkel 1988; vom Saal 1985) . Our results are consistent with those that have shown cohabitation to be more important than copulation (Elwood and Ostermeyer 1984) . A prairie vole male in our study was more parental after a brief cohabitation with a female whether he had mated with her or not. It is interesting that Parker and Lee (2001a) found the same effect in meadow voles, a promiscuous close relative of prairie voles that show facultative paternal behavior (Parker and Lee 2002) . In meadow voles reared under short day lengths, 24-36 h of cohabitation without mating increases paternal behavior in males that were previously unresponsive toward young. Together these data suggest that the same mechanism (i.e., contact with a female) stimulates paternal behavior in both monogamous and promiscuous voles. The difference is that meadow voles may become more sensitive to female cues as day length shortens, whereas prairie voles are sensitive to them year round. Although the mechanisms that stimulate paternal behavior may vary among rodent species, the timing of the induction process is very similar. In all rodent species studied to date, the male's infanticidal tendencies are inhibited and paternal behavior is stimulated midway through a mate's gestation period and prior to birth of young (Labov 1980; Mennella and Moltz 1988; Soroker and Terkel 1988; vom Saal 1984) . This gradual transition from infanticidal tendencies to paternal responsiveness has been proposed as an adaptation to ensure that males do not kill their own offspring and increase their fitness by investing only in their own young (Mennella and Moltz 1988; vom Saal 1984) . In females hormonal changes during the course of pregnancy have been shown to transform brain chemistry in a fashion that synchronizes the timing of the birth of young with increases in maternal tendencies so that the mother cares for her own offspring (Numan 1988) . Given that males do not undergo such hormonal changes, cues from a female may serve as mechanisms to transform the brain gradually and synchronize the timing of the birth of young with increases in paternal tendencies (Mennella and Moltz 1988) . In our study a sexually inexperienced male in the control group was generally not infanticidal, yet it took at least 10 days following brief contact with a female before a male in the shortcohabitation group increased his paternal responsiveness. It is likely that in prairie voles, similar to other rodents, sensory cues from the pregnant female gradually prepare the brain for fatherhood.
To see how the brain stimulates paternal care, it is important to identify the neural circuitry underlying this behavior, the social cues that influence this circuit, and the neurotransmitters involved in the process. One way to delineate the neural circuitry involved in parental behavior is to analyze the level of Cfos gene activation in neurons. Neurons activated in response to a variety of stimuli can be visualized by immunocytochemical staining of brain tissue for Fos protein, the product of Cfos gene. By measuring the number of neurons that stain for Fos protein, one can estimate the level of activity in various brain regions that are presumably involved in a particular behavior. One such Fos study carried out in sexually inexperienced prairie voles found few differences between brain regions involved in parental behavior of males and females or, with the exception of 2 thalamic nuclei, rat females . Lesion studies in prairie voles have shown that the medial amygdala may be particularly important in paternal behavior. Axon-sparing lesions of the corticomedial amygdala, but not basolateral amygdala, reduced the time a male spent in contact with an infant or a familiar female .
The best candidate found so far for a neurotransmitter involved in paternal behavior is vasopressin. We have previously shown that in male prairie voles, vasopressin immunoreactivity changes in specific regions of the brain during the pregnancy of his mate and when young are born (Bamshad et al. 1994 ). In addition, paternal responsiveness in the sexually inexperienced prairie vole male is enhanced by central injections of vasopressin into the lateral septum and is blocked by injections of a vasopressin antagonist to a V 1a receptor subtype (Wang et al. 1994 ). However, a more recent study did not find vasopressin to be important in paternal behavior. The level of paternal care is similar in sexually inexperienced prairie vole males with intact gonads and those that are castrated, even though vasopressin immunoreactivity is dense in the former and is absent in the latter (Lonstein and De Vries 1999) . Studies in other vole species and other monogamous rodents suggest that vasopressin may be important in aggression and processing of sensory cues from the female that stimulate paternal care, but not in enhancing the behavior once it is present (Bester-Meredith et al. 1999; Parker and Lee 2001b) . For example, in meadow voles that are seasonally paternal, central administration of vasopressin inhibits infant aggression in previously infanticidal males, but the same dose of vasopressin fails to enhance paternal behavior in males that already show high levels of care. In addition, injection of vasopressin antagonist before a period of unmated cohabitation with a female interferes with the onset of paternal behavior (Parker and Lee 2001b) . Additional studies are required to understand fully the role of vasopressin in stimulation of paternal behavior. It is also important to examine the role of other neurotransmitters, especially those involved in facilitating contact between the breeding pairs and processing of sensory cues from the female.
